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Abstract 
Different researchers adopted several methods to generate Epicyclic Gear Trains (EGTs) [1-4]. Out of these methods Hamming 
Number Technique [3] approach is simple and accurate. Structural aspects and rating of EGTs are useful in generation process. 
Symmetry in EGTs is one such aspect. Higher the symmetry in EGTs results in higher number of possible graphs in next level of 
generation. In this paper generation of EGTs up to seven links is given. 
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1. Introduction  
The need to provide variable power and motion transmission from one shaft to another of a system made it 
necessary to design different types of linkages and mechanisms. Belt drives, chain drives, cam mechanisms, gear 
drives etc are some of many such mechanisms readily available for a design engineer. These can be arranged in 
many ways. Gear trains are used to obtain different speed ratios with compact arrangement of different sizes of 
wheels for various torque requirements of one or more driven shafts.  
EGT gives higher velocity ratios and these are compact and less number of gears is required in the gear train. 
There are many applications which use EGTs like a wind turbine, gas turbine engines, helicopter transmissions, gear 
boxes of automobiles, machine tool gear boxes etc. 
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2. Isomorphism, Symmetry And Generation: 
Two graphs are isomorphic if there is a one to one correspondence between their vertices and edges which 
preserves the incidence and labelling [2]. Depending on the number of vertices the connectivity matrices of two 
isomorphic graphs may differ. That is the Adjacency matrix or connectivity matrices of two isomorphic graphs are 
not identical. Structural synthesis of EGTs involves the creation of a group of EGTs that is followed by a test for 
isomorphism. Duplicate graphs discarded with the test for isomorphism.  
Several methods have been adopted by different researchers to test for isomorphism in EGTs and out of these 
isomorphic EGTs, one EGT is selected randomly. There is no particular rule for selecting an EGT out of the 
isomorphic EGTs for further generation process. Rating of EGTs based on structural aspects is very useful in 
selecting one such EGT for further generation. EGTs are represented by a graph with the links as vertices and pairs 
between the links as edges [2].  
In a structure, Symmetry refers to the symmetrical placement of members i.e., identical location of identical 
members with reference to another member indicates symmetry about the member. Hamming matrix is used to 
detect the Symmetry of a link and the number of symmetric pairs of the EGT/graph. Symmetry gives better 
balancing of elements, forces, power distributions and leads to reduction in generation effort. 
3. Hamming Matrix: 
The concept of Hamming distances was introduced from theory of information and communication [3]. Using the 
concept of Hamming distances a matrix known as Hamming matrix is written from the connectivity matrix or 
adjacency matrix. Elements of the Hamming matrix are obtained by comparing the elements of two rows in 
connectivity matrix of an EGT. The elements of two rows of connectivity matrix are added, where ever they are 
different, to get the Hamming value. Obviously the diagonal elements are zero as a row is compared with itself. If 
the first two rows of connectivity matrix are compared the second element in first row of the Hamming matrix is 
obtained. That is݄ଵଶ. Thus Hamming matrix is given by following rules. 
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4. Representation of an EGT: 
An EGT can be represented in many ways such as graphs and graphs in turn are converted to a link-link 
connectivity matrix which is a square and symmetric matrix. The graphical representations of 4-link EGTs are 
shown in Table-1. These 4-link EGTs are generated by adding a vertex to the existing 3-link EGT. There is n(n-1) 
ways to add an additional vertex to the parent graph. Rotational graph [4], Connectivity matrix and hamming matrix 
of the EGTs are given in Table-2. 
 Elements of the Hamming matrix are obtained by comparing the two rows in an adjacency matrix of an EGT. In 
an adjacency matrix, the elements of two rows are added, where ever they are different, to get the Hamming value 
[4].  
 
 
 
539 I. Rajasri et al. /  Procedia Engineering  144 ( 2016 )  537 – 542 
5. Tables 
Table 1. Generation of 4-link EGTs 
 
Fig. 1(a) 
 
Fig. 1(b)  Fig. 1(c) 
 
Fig. 1(d) 
 
Fig. 1(e) 
 
Fig. 1(f) 
 
Hamming strings of all the EGTs are compared to know the isomorphism in EGTs. If two Hamming strings are 
identical then the two EGTs are said to be isomorphic. The Hamming strings for all the six 4-link EGTs which are 
shown in Fig 1(a) to Fig 1(f) are compared to detect isomorphism in them. Then the non-isomorphic EGTs can be 
converted to rotational graphs to check the rotational isomorphism as shown in Fig 2(a) to Fig 2(f).  
The Hamming strings of the EGTs shown in Fig. 1(a) and Fig. 1(c) are identical and is equal to 76[20,20,18,18]. 
The Hamming strings of EGTs in Fig. 1(b) and Fig. 1(d) are identical and is equal to 64[20,20,12,12]. Similar is the 
case with Hamming strings of Fig. 1(e) and Fig. 1(f) which is equal to 76[22,22,16,16]. Hence out of six 4-link 
EGTs three are structurally non-isomorphic. 
These 3 structurally non-isomorphic graphs (shown in fig. 1(a),1(b) &1(e)  can be converted to rotational graphs 
to check the rotational isomorphism in the graphs. The rotational graph of EGTs shown in Fig. 1(b) and Fig. 1(e) are 
identical. Hence these two EGTs are isomorphic to each other. From these two isomorphic graphs one can be 
selected based on different structural aspects. Out of these structural aspects symmetry is one of the aspects selected 
for study.  
Out of the six 4-link graphs generated only two structurally and rotationally non-isomorphic graphs remain as 
shown in Fig. 1(a) and Fig. 1(b). These two graphs are used to further generation of 5-link EGTs. The possible ways 
to add an additional vertex to any 4-link EGT to get a set of 5-link EGTs are (4x3=12). Thus 24 graphs can be 
generated from the two left over 4-link rotationally non-isomorphic EGTs.  
Out of these 24 EGTs two graphs are discarded due to violation of F9 rule [2]. The 5-link EGTs formed by 
adding one more link to Fig 1(a) is shown in Table-3 and listed as first set of 5-link EGTs. Similarly the 5-link 
EGTs formed by 4-link EGT shown in Fig 1(b) are given in Table-4 and are listed as second set of 5-link EGTs. All 
these EGTs are systematically tested for structurally and rotationally isomorphic EGTs.  
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Table 2. Rotational Graphs of 4-link EGTs 
S.No        EGTs given in         Connectivity Matrix                Rotational Graph                                                 Hamming Matrix 
1                      Fig: 1(a)                 ൦
Ͳͳͳʹ
ͳͲʹͳ
ͳʹͲͲ
ʹͳͲͲ
൪ Fig: 2(a)                ൦
Ͳͺ͹ͷ
ͺͲͷ͹
͹ͷͲ͸
ͷ͹͸Ͳ
൪ 
2                    Fig: 1(b)                  ൦
Ͳͳͳͳ
ͳͲʹʹ
ͳʹͲͲ
ͳʹͲͲ
൪ Fig: 2(b)                  ൦
Ͳͺ͸͸
ͺͲ͸͸
͸͸ͲͲ
͸͸ͲͲ
൪ 
3                    Fig: 1(c)                  ൦
Ͳͳͳʹ
ͳͲʹͲ
ͳʹͲͳ
ʹͲͳͲ
൪ Fig: 2(c)                   ൦
Ͳ͹ͺͷ
͹Ͳͷ͸
ͺͷͲ͹
ͷ͸͹Ͳ
൪ 
4                  Fig: 1(d)                     ൦
Ͳͳͳͳ
ͳͲʹͲ
ͳʹͲʹ
ͳͲʹͲ
൪ Fig: 2(d)                   ൦
Ͳ͸ͺ͸
͸Ͳ͸Ͳ
ͺ͸Ͳ͸
͸Ͳ͸Ͳ
൪ 
5                    Fig: 1(e)                  ൦
ͲͳͳͲ
ͳͲʹʹ
ͳʹͲͳ
ͲʹͳͲ
൪ Fig: 2(e)                   ൦
Ͳ͹͸͵
͹Ͳ͹ͺ
͸͹Ͳ͵
͵ͺ͵Ͳ
൪ 
6                  Fig: 1(f)                    ൦
ͲͳͳͲ
ͳͲʹͳ
ͳʹͲʹ
ͲͳʹͲ
൪ Fig: 2(f)                       ൦
Ͳ͸͹͵
͸Ͳ͹͵
͹͹Ͳͺ
͵͵ͺͲ
൪ 
 
From the first set of twelve (12) 5-link EGTs two graphs are discarded and five graphs are structurally 
isomorphic. The remaining 5-link graphs are five (5) and these five graphs are structurally non-isomorphic. These 
five 5-link EGTs are further tested for rotational isomorphism. Out of five structurally non-isomorphic graphs three 
EGTs are rotationally non-isomorphic.Finally resulting three (3) EGTs from generated 12 EGTs of 5-links.  
 
A total of seven structurally non-isomorphic graphs are generated in the second set of 12 five-link EGTs. Finally 
total number of rotationally non-isomorphic graphs from the two sets of total generated 24 graphs is only six (6). 
While selecting one graph from a set of isomorphic EGTs, the graph having higher symmetry is selected for further 
generation. These six graphs are added with one vertex to generate 6-link EGTs.  
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Table 3. First set of 5-link EGTs 
 
  
 
    
 
 
  
Table 4. Second set of 5-link EGTs 
 
 
  
  
  
    
 
Using these six structurally and rotationally non-isomorphic 5-link graphs, in the next level of 6-link EGTs are 
generated. The number of possible ways to add a vertex is (5x4=20) for each graph. The left over six link graphs are 
6. So 6*20=120 six link EGTs. Out of these only 26 graphs remaining after removing discarded, structurally, 
rotationally isomorphic graphs. For next level of generation (26*30=780) seven link EGTs are generated. Again 
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these graphs are tested systematically. From this 780 graphs of 7-links tested for structural and rotational 
isomorphism and the EGTs violate F9 rule can also deleted. Final resulting graphs are 159. 
 
Table 5. Results of generation of EGTs up to seven-links 
S.No     No of Links   No of graphs generated         Discarded Graphs    Structurally isomorphic   Rotational isomorphic  Final graphs 
1                   3                              1                                     ---                               ---                                    ---                             1 
2                   4                               6                                      1                                  3                                      1                            2 
3                   5                              24                                     2                               13                                       3                            6 
4                  6                              120                                    17                             37                                      34                          26 
5                  7                                780                                   213                         75                                       215                       159 
 
6. Conclusion: 
Hamming number technique is used to check the isomorphism in EGTs. Generation process is simplified if 
symmetry aspect is incorporated into synthesis process. Higher the number of symmetric pairs in an EGT greater is 
the symmetry. An EGT with higher symmetry is preferred to another isomorphic graph with lesser symmetry. 
Generation of one DOF EGTs with up to seven links is done, checked for isomorphism in them and results for these 
EGTs with up to seven links are listed.  
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